The stem cells in the umbilical cord stroma, or Wharton's jelly, are referred to as human umbilical cord mesenchymal stromal cells (hUCMSCs) and have been shown to differentiate along a chondrogenic lineage. The aim of this study was to evaluate the chondrogenic differentiation of hUCMSCs in either polyglycolic acid (PGA) or poly-L-lactic acid (PLLA) non-woven mesh scaffolds for cartilage tissue engineering. PGA is widely known to degrade faster than PLLA, and over longer time scales, and differences may be expected to emerge after extended culture periods. Therefore, the focus of this study was to evaluate differences over a shorter duration. After 21 days of culture in PLLA or PGA scaffolds, hUCMSC constructs were analyzed for biochemical content, histology, and gene expression. Overall, there were only minute differences between the two scaffold groups, with similar gene expression and biosynthesis. The most notable difference was a change in shape from cylindrical to spherical by the PGA, but not PLLA, scaffold group. The overall similar behavior of the groups may suggest that in vivo application of hUCMSC-seeded PLLA or PGA scaffolds, following a 21-day pre-culture period, may yield similar constructs at the time of implantation. However, differences may begin to become more apparent with in vivo performance following implantation, or with in vitro performance over longer time periods.
INTRODUCTION
The treatment of articular cartilage injuries is a challenge due to the very limited capacity for cartilage self-repair and the limited surgical techniques that successfully treat the damaged cartilage [1] [2] [3] . Stem cell-based tissue engineering techniques have the potential to revolutionize the ability to regenerate damaged cartilage [4] [5] [6] [7] .
Recently, a promising stem cell source residing in the Wharton's jelly of the umbilical cord, referred to as human umbilical cord mesenchymal stromal cells (hUCMSCs), appears to bear multi-potential mesenchymal stem cell characteristics and can differentiate into cells resembling adipocytes, osteoblasts, chondrocytes, neurons, and endothelial cells [8] [9] [10] [11] [12] [13] [14] [15] . Recently, our laboratory has successfully induced hUCMSCs into osteogenic and chondrogenic lineages [14] [15] [16] . For engineering articular cartilage implants, a crucial consideration is the scaffolding biomaterial. These biomaterials have included a variety of natural gels and hydrogels based on collagen, glycosaminoglycans, hyaluronic acid, agarose, alginate and gelatin [17] [18] [19] [20] [21] [22] , as well as a number of synthetic materials used as scaffolds for chondrogenic differentiation of stem cells, such as polyglycolic acid (PGA), among the most common materials for cartilage tissue engineering [23] [24] [25] . However, previous studies showed that PGA scaffolds are limited by rapid degradation in vitro [26] [27] [28] [29] [30] .
Therefore, the aim of this study was to investigate the incorporation of hUCMSCs with either PGA or PLLA scaffolds under chondrogenic differentiation, and to compare the relative performance of the two biomaterials under these conditions. cal Center (KUMC) and were processed within 24 hours. In brief, isolated hUCMSCs were cultured in a complete culture medium consisting of low-glucose Dulbecco's modified Eagle's medium (DMEM-LG), 10% MSCqualified fetal bovine serum (FBS), and 1% penicillin/streptomycin (PS) (Invitrogen, Carlsbad, CA). Cells were plated in cell culture flasks at 3000 cells/cm 2 (P0 cells). Non-adherent cells were rinsed off 3 days after plating. When attached hUCMSCs reached 80% confluence, the cells were detached using 0.05% trypsin-EDTA (Invitrogen) and expanded (P1). Culture medium was changed every 2 days, and the cells were split approximately 1:4 at each passage thereafter. Passage 4 (P4) hUCMSCs were used for all experiments.
Identification of hUCMSCs
The P4 hUCMSCs were characterized by flow cytometry to analyze the specific surface antigens of cells including CD13, CD29, CD34, CD45, CD49e, CD73, CD90 and CD105. All supplies were purchased from BD Biosciences (San Jose, CA), except CD73 and CD105 from eBioscience (San Diego, CA). In brief, approximately 0.5 × 10 6 cells per vial were used to stain. The nonspecific binding was blocked with a staining buffer including PBS and 2% FBS for 15 minutes on ice, while the cells were incubated with single label antigen for 20 minutes on ice. Mouse isotype antigens served as the control. The analysis was measured using a FACscan (Becton Dickinson, San Jose, CA).
Seeding hUCMSCs Into PGA and PLLA Scaffolds
Non-woven PGA and non-woven PLLA meshes (50 mg/cc; > 95% porosity; Biomedical Structures LLC, RI) were punched to create cylindrical scaffolds (5 mm diameter, 2 mm thick). Scaffolds were sterilized following our previous methods with ethylene oxide [14] . The P4 hUCMSCs were seeded at a cell density of 25 × 10 6 cells per ml, 0.98 × 10 6 of hUCMSCs in 35 μl of the complete medium were seeded in a dropwise manner into each scaffold. Cell-seeded scaffolds were incubated in a cell culture incubator for 3 hours to allow for cell attachment. To keep constructs hydrated, 10 μl of complete medium was added every 1 hour. After the 3-hour period, 2 ml of either chondrogenic medium was added into each culture well. Chondrogenic medium consisted of high-glucose DMEM (DMEM-HG; Invitrogen), 1% non-essential amino acids (NEAA; Invitrogen), 1X sodium pyruvate (Invitrogen), 1X insulin transferring selenium premix (ITS premix; BD Biosciences), 50 μg/ml ascorbic acid 2-phosphate (AA2P; Sigma, St Louis, MO), 40 μg/ml L-proline (Sigma), 100 nM dexamethasone (Sigma) and 10 ng/ml transforming growth factor beta-1 (TGF-β1; R&D system, Minneapolis, MN). For the control, a group of cell-seeded scaffolds were cultured in the complete culture medium. All of the medium was changed every two days for 21 days [15] .
Adhesion Assay
Approximately 200,000 P4 hUCMSCs were suspended in 30 μl of the complete culture medium and then seeded in the PGA and PLLA scaffolds as previously described [15, 31] . Seeded scaffolds were incubated in a humidified atmosphere containing 5% CO 2 at 37°C for 6 hours to allow for cell attachment. At three and six hours, four scaffolds were rinsed with 2 ml phosphate-buffered saline (PBS) and the cells in PBS were counted. By subtracting the number of washed out hUCMSCs from 200,000 cells per scaffold, the number of cells adhering to the scaffold was calculated [27] .
Biochemical Assays
At 0, 14 and 21 days, PGA and PLLA scaffolds were processed for biochemical assays including DNA, glycosaminoglycan (GAG) and hydroxyproline (HYP) content as in our previous work [15] . To measure DNA, GAG, and HYP contents, four scaffolds per group and time point were digested in 1.5 ml papain solution (120 μg/ml) at 60°C overnight. DNA contents were fluorometrically determined using a PicoGreen kit according to the manufacturer's instruction (Invitrogen). GAG contents were measured using a dimethylmethylene blue (DMMB) dye binding assay kit according to the manufacturer's instructions (Biocolor, Belfast, UK). In brief, 100 μl solution of each sample was measured after binding with 1 ml of DMMB by using chondroitin sulfate as the standard. Solutions were analyzed at 656 nm using a Fluoroskan Ascent plate reader (Thermo Electron Corporation, Waltham, MA). HYP content was determined using a modified HYP assay protocol [15] . In brief, 400 μl of specimen solution was hydrolyzed and neutralized, then analyzed at 550 nm using a Fluoroskan Ascent plate reader (Thermo Electron Corporation).
Histology and Immunohistochemistry
At 14 and 21 days, PGA and PLLA scaffolds were frozen and sectioned at a thickness of 10 μm using a cryostat (Microm, Thermo Scientific, Waltham, MA). For immunohistochemical analysis, two scaffolds were used to detect types I and II collagen and aggrecan using a BioGenex i6000 autostainer (BioGenex, San Ramon, CA) as in our previous study [15] . Primary antibodies included the mouse monoclonal IgG anti-collagen type I (1:1500 dilution; Accurate Chemical and Scientific, Westbury, NY), mouse monoclonal IgG anti-collagen type II (1:1000 dilution; Chondrex, Redmond, WA), and mouse monoclonal IgG anti-aggrecan (1:50 dilution; Abcam, Cambridge, MA). In brief, endogenous peroxidase activity was inhibited using 1% hydrogen peroxide, blocked in horse serum and incubated with a primary antibody. Then the sections were incubated with a streptavidin-linked horse anti-mouse IgG secondary antibody (Vector Laboratories, Burlingame, CA). After secondary antibody incubation, the sections were incubated with an avidin-biotinylated enzyme complex (ABC complex; Vector Laboratories) and VIP substrate (Vector Laboratories). Histological analyses were performed using Safranin O/fast green staining with Harris hematoxylin (Sigma) to visualize GAG distribution [32] .
Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
Total RNA of PGA and PLLA scaffolds were extracted with TRIzol reagent according to the manufacturer's protocol (Invitrogen) and reverse-transcribed into cDNA using a high-capacity cDNA Archive kit (Applied Biosystems, Foster city, CA). Real-time RT-PCR reactions were performed using an Applied Biosystems 7500 Fast System. TaqMan gene expression assay kits (Applied Biosystems), including two pre-designed specific primers and probes, were used to measure the transcript levels of the proposed genes including human type I collagen (Hs00164004), type II collagen (Hs00156568), aggrecan (Hs00153936) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Hs99999905). Relative expression level for each target gene was evaluated using the 2 −ΔΔCt method [33] . The control samples at the first day served as the calibrator. The fold of change was obtained with n = 4.
RESULTS

Phenotype of hUCMSCs
The P4 hUCMSCs were characterized with respect to the expression of surface antigens by flow cytometry. The hUCMSCs that were characterized with respect to the expressions of CD34 and CD45 were less than 1%, whereas hUCMSCs had positive expressions for CD73 (96 ± 2%), CD90 (98 ± 4%) and CD105 (99 ± 3%). The hUCMSCs also expressed high levels of CD13 (96 ± 4%), CD29 (95 ± 4%) and CD49e (98± 4%) (Figure 1). 
Morphology and Adhesion Assay of PGA and PLLA Scaffolds
After 21 days of chondrogenic differentiation culture, the shapes of PGA and PLLA scaffolds were observed to be different. The shape of PGA scaffolds significantly changed from cylindrical to spherical over the 21 day period (Figures 2(a), (c) ). The contraction of PLLA scaffolds was relatively negligible during the same process and no significant change of the PLLA scaffolds' morphology was observed (Figures 2(b), (d) ). For the adhesion assay, three hours after seeding hUCMSCs, the adherent cell percentage was 60 ± 9% in PGA scaffolds and was 58 ± 6% in PLLA scaffolds. After 6 hours, the adherent cell percentage increased to 73 ± 8% in PGA scaffolds and to 75 ± 4% in PLLA scaffolds. The results from the adhesion assay showed no significant difference between PGA and PLLA scaffolds (p > 0.1) (Figure 2(e) ).
Biochemical Assays
Throughout the entire period of the chondrogenic differentiation culture, the DNA content decreased in both scaffolds as shown in Figure 3(a) . The DNA content decreased approximately 30% in the PGA scaffolds and 21% in the PLLA scaffolds over the 21 day period. At 21 days, the DNA content in PLLA scaffolds was 18.8% higher than that of PGA scaffolds (p < 0.05).
The GAG content in both scaffolds decreased with culture time (Figure 3(b) ). In the PGA scaffolds, the highest GAG content of 11.1 ± 2.4 μg/scaffold was measured at 0 days. The GAG content in the PGA scaffolds decreased by 51% at 14 days and decreased by 80% at 21 days when compared to the 0 day values. In the PLLA scaffolds, the highest GAG content was 10.9 ± 2.3 μg/scaffold at 0 days. The GAG content in PLLA scaffolds decreased by 43% at 14 days and decreased by 70% at 21 days when compared to the 0 day values. At 21 days, the GAG content in PLLA scaffolds was higher than that in PGA scaffolds (p < 0.05).
Cumulative HYP production in the PGA and PLLA scaffolds was measured at 0, 14, and 21 days. The higher HYP content was observed at 14 days in both scaffolds. In the PGA scaffold group, the HYP content was 1.5 ± 0.1 μg/scaffold at 14 days and 1.2 ± 0.1 μg/scaffold at 21 days. In the PLLA scaffold group, the HYP content was 1.4 ± 0.2 μg/scaffold at 14 days and 1.1 ± 0.1 μg/scaffold at 21 days. The HYP content measurements showed no significant difference between the HYP contents of the PGA and PLLA scaffolds (p > 0.1) (Figure 3(c) ).
Histology and Immunohistochemistry
At 14 days, both PGA and PLLA sections showed a moderate amount of collagen type I staining with a trace amount of collagen type II and aggrecan staining. There was no significant difference in staining intensity present between the PGA and PLLA groups (Figure 4) . Differences in immunostaining were generally minimal between 14 days and 21 days. Only Saf-O staining appeared to increase in intensity from 14 days to 21 days (Figure  4) .
Gene Expression
As shown in Figure 5 , at 14 days and 21 days, the cells in both PGA and PLLA scaffolds were observed to significantly activate expression of genes encoding for collagen type I, collagen type II and aggrecan (p < 0.05). In PGA scaffolds, collagen I showed a 3-fold increase at 14 days and a 15-fold increase at 21 days when compared to 0 day (p < 0.05). The collagen II expression in PGA scaffolds increased 8-fold at 14 days and 9-fold at 21 days when compared to 0 days (p < 0.05). Aggrecan in the PGA scaffolds increased 3-fold at 14 days and 6-fold at 21 days when compared to 0 day (p < 0.05). In PLLA scaffolds, collagen I showed a 4-fold increase at 14 days and a 16-fold increase at 21 days when compared to 0 day (p < 0.05). The collagen II in PLLA scaffolds increased 7-fold at 14 days and 10-fold at 21 days when compared to day 0, while aggrecan expression increased 3-fold at 14 days and 5-fold at 21 days when compared to day 0 (p < 0.05). However, there was no significant difference in gene expression between the PGA and PLLA scaffold groups (p > 0.1) (Figure 5 ).
DISCUSSION
hUCMSCs may be considered to be a promising, inexhaustible and low-cost source of mesenchymal stem cells. In previous studies, hUCMSCs were successfully induced for chondrogenic differentiation [15, 16, 30] . The present study investigated the influence of seeding hUCMSCs into PGA and PLLA scaffolds on the potential ability of chondrogenesis in vitro. The results showed some degree of chondrogenic differentiation of hUCMSCs, as evidenced by the expression of collagen type II and aggrecan genes. The present study showed that hUCMSCs could differentiate along a chondrogenic lineage in both PGA and PLLA scaffolds. The similar chondrogenic differentiation patterns were quantitatively characterized by the extracellular matrix, including GAG production ( Figure  3(b) ) and collagen production (Figure 3(c) ). Histology showed staining for GAGs (Figure 4) , although these GAGs did not aggregate to form a large amount of aggrecan as indicated by only a trace aggrecan staining. Quantitative RT-PCR showed the up-regulation of cartilage marker gene expressions, specifically collagen type II and aggrecan (Figure 5(b), (c) ). This upregulation of aggrecan and collagen II gene expression may show potential in longer-term studies for greater cumulative levels of aggrecan and collagen II production.
The physicochemical characteristics and mechanical performances of PGA are well established in clinical practice. However, previous studies showed that PGA fibers degraded relatively quickly, losing their integrity and becoming fiber fragments in the cell culture medium as quickly as within 2-4 weeks [14, [34] [35] [36] . PLLA provides more space for cellular, biochemical, and even biomechanical development [37, 38] . In the present study, during the 21 days chondrogenic differentiation culture, PGA scaffolds were observed to morphologically change in shape more than the PLLA scaffolds (Figure 2(c),  (d) ). Moreover, the DNA of the PLLA group was relatively higher than that of the PGA group after 14 days of culture (Figure 3(a) ). The reason may be that the PGA scaffolds, which are expected to degrade faster, led to a greater structural shift. Our results showed that the chondrogenic potential of hUCMSCs in PLLA scaffolds was similar to that in PGA scaffolds. PLLA scaffolds showed a relatively stable morphology during the same chondrogenic differentiation conditions. 
CONCLUSIONS
In the present study, the chondrogenic differentiation of hUCMSCs in both PGA and PLLA scaffolds has been evaluated. Compared with the PGA scaffolds, PLLA scaffolds showed a relatively stable morphology during the same period (3 wks) and conditions. The results indicated that hUCMSCs had some degree of chondrogenic potential in both PGA and PLLA scaffolds. Differences between the PLLA and PGA scaffold groups were minimal over a 21-day period, indicating that an in vivo application requiring an in vitro pre-culture time on the order of 21 days would find these two cell-seeded biomaterials in a similar state. However, differences may begin to become more apparent in the longer term (e.g., 6 weeks).
